We have confirmed the k-dependent spin splitting in wurtzite Al x Ga 1-x N/GaN heterostructures. Anomalous beating pattern in Shubnikov-de Haas measurements arises from the interference of Rashba and Dresselhaus spin-orbit interactions. The dominant mechanism for the k-dependent spin splitting at high values of k is attributed to Dresselhaus term which is enhanced by the ∆ C1 -∆ C3 coupling of wurtzite band folding effect.
Introduction (interference of Rashba and Dresselhaus effects). Spin-orbit interaction is the key
issue of spin dynamics in semiconductor spintronics [1, 2] . It originates from the relativistic theory of Dirac's equation to assure symmetry in the wave equation with respect to space and time derivatives [3] . In the atomic case, it is formulated as H SO 2 )], where z-axis is the growth direction and Dresselhaus constant (γ) is proportional to the strength of BIA spin-orbit interaction [5] [6] [7] [8] . If only consider the linear-k terms, then H D and H R are coupled by each other, leading to a linear-k-dependent interference: 2 and d is the size of quantum confinement [9, 10] . The degree of specular asymmetry of two-dimensional electron gas (2DEG) at hetero-interface can be controlled by a gate voltage, and thus the relative contributions of the two effects are tunable [10] [11] [12] . The spin splitting becomes anisotropic when the two contributions are comparable, giving an anomalous beating pattern in magneto-oscillations, e.g., Shubnikov-de Haas (SdH) oscillations. The suppression of beating pattern due to the Interference of Rashba and Dresselhaus effects was individually proposed by Tarasenko et al. [11] and by Ting et al. [10] . Interplay between Rashba and Dresselhaus effects activates a crucial impact in spin dynamics [9] , and a large Dresselhaus term provides significant enhancement for polarization efficiency in spintronic application [10] .
Recently, the candidate material for large Dresselhaus term is focused on III-nitride compounds 3 due to their inherent property of bulk structure inversion asymmetry in z-direction [13] .
Spin-orbit interaction in wurtzite GaN. The effective spin-splitting energy ∆E* SO (k) measured by SdH oscillations is widely spread from 0 to 11 meV [13] [14] [15] [16] [17] in wurtize Al x Ga 1-x N/GaN, Table   I . In theory, the calculated Rashba spin splitting by four-band model (∆E R < 1 meV) is much smaller than the experimental values [18] . On the other hand, the Dresselhaus effect was evaluated in wurtzite lattice with intrinsic bulk inversion asymmetry by Lew Yan Voon et al. [19] .
It was pointed out that the linear-k term can also arise from the weak s-p z mixing of conduction band at k = 0 due to the second Ga-N neighbor interaction [20] . However, the Dresselhaus spin-splitting energy calculated by four-band model is very small (e.g., ∆E D < 0.5 meV and 0.05 meV for CdS and ZnO, respectively) [19] . Therefore, the Rashba and Dresselhaus effects, which consider the spin-orbit interaction between conduction and valence bands (the four-band model), are not enough to account for the large spin splitting observed in Al x Ga 1-x N/GaN.
Recently, we proposed a model of ∆ C1 -∆ C3 coupling to interpret the large spin splitting, which is caused by a band folding effect due to the different size of unit cells in the hexagonal direction between zinc-blende and wurtzite lattices [21] . Therefore, we can extend the Rashba term to include the intrinsic wurtzite structure inversion asymmetry (WSIA) effect [4, 20] , which leads to a linear-k term, H R (k) = α wz (σ x k y -σ y k x ) with α wz = α 0 eE + C WSIA . Here the Rashba coefficient (α wz ) consists of the WSIA constant (C WSIA ) as well as the electric field built at hetero-interface (E). In the meanwhile, the Dresselhaus term becomes Fig. 1(c) . The average value of the mass (m*/m 0 = 0.215 ± 0.003) is equal to the first subband effective mass [15] .
Beating pattern of SdH oscillations. Figure 2 shows the SdH measurements and their FFT spectra after the PPC effect for different illumination times. The spin splitting of the first subband (i.e., f↑ and f↓) appears after 71s illumination, and the peaks separate farther for a longer illumination until saturation, Fig. 2(b) . The amplitude of spin-down oscillation (f↓) decreases with the illumination time, but that of spin-up oscillation (f↑) increases, relatively. Zeeman splitting also appears at high fields for 3s and 71s illuminations. Zeeman splitting has been observed by Cho et al. [26] and analyzed in the presence of Rashba and Dresselhaus effects by de Andrada e Silva et al. [27] . It was shown that the Zeeman splitting can be detected at high fields as the Zeeman energy is greater than the energy of spin-orbit interaction. The effective g-factor is about 2 for GaN [26] , and hence the Zeeman splitting for B > 10 T (∆E Z > 0.58 meV) is greater than the effective spin-splitting energy (∆E* SO ) in the first two measurements (3s and 71s).
Since Zeeman splitting is linearly dependent on B (∆E Z = ½ g*µ B B), it produces only a phase constant in SdH oscillation and will not change the frequency for large Landau levels like our case. As a result, Zeeman splitting enhances the amplitude of second harmonic peak in the FFT spectrum (see the peak at 2f 1 frequency in Fig. 1b) . In Fig. 2(b) , a third peak (f MIS ) is growing between the two spin-splitting peaks in the longer illuminations. A three-peak SdH pattern was reported by Tsubaki et al. [14] , and by Averkiev et al. [28] . The former attributed the third peak to a magneto-intersubband scattering (MIS) component, and the latter ascribed it to the third harmonics of the interference of Rashba and Dresselhaus terms. The MIS component is a second-order resonant scattering oscillation between the first (f 1 ) and second (f 2 ) subbands with a frequency f MIS = f 1 -f 2 , and its amplitude does not contain the temperature damping factor. 6 Without the temperature damping factor, the MIS component is less sensitive to the change of temperature. We checked the SdH oscillations at different temperatures after 12671s illumination and showed in Figs. 2(c) and (d) . It is evident that there is no change in the frequencies when the temperature increases. The amplitude of f MIS peak has less sensitivity on temperature, but the temperature-sensitivity for f↑ and f↓ peaks is consistent with that of f 1 peak in Fig. 1(d) . Besides, the value of f MIS frequency is approximately equal to the difference of f↑ and f 2 frequencies. Therefore we conclude that the peak of f MIS is due to the MIS component between the f↑ and f 2 oscillations. In order to evaluate these peaks more precisely against the illumination time, we repeated the SdH measurements after warming up the sample at room temperature for a couple of days. Figure 3 shows the precise measurements at T ~ 0.38 K and their FFT spectra. The single SdH oscillation (f 1 peak) is detected for the illumination time less than 193 seconds, and it splits apparently after 313s illumination, Fig. 3(b) . The two spin-splitting peaks separate farther by longer illuminations. The amplitude of f ↓ peak decreases, but that of f↑ peak increases with the illumination time, as observed in Fig. 2 . In the last two spectra it is clearly shown that the f MIS peak is split away from the f↑ peak. We calculated the carrier concentrations for the two spin subbands from the SdH frequencies and plotted them against the first subband carrier concentration (i.e., n 1 = n↑ + n↓) in Fig. 4(a) . The effective spin-splitting energy was calculated from the carrier concentrations of spin subbands, ∆E* SO = 2πħ 2 (n↑-n↓)/m*, and plotted against the mean Fermi wave vector, k // F = (2πn 1 ) 1/2 , as well.
We obtained the k-dependent ∆E* SO , and extrapolated it to zero at k // F = 7.37 x 10 8 m -1 .
Anomalous k-dependent spin-splitting energy (∆E* SO ). The 2D Hamiltonian of Rashba and
Dresselhaus terms can be written as: coefficients in ref. [22] were used. The results of calculated <z> and E are shown in Fig. 4(b) .
The <z> is about 1.40 nm at n T = 8.65 x 10 12 cm -2 and reduces to 1.29 nm at n T = 9.87 x 10 12 cm -2 ,
but the E increases from 1.22 to 1.36 MV/cm, respectively. Thus the calculated <k z F > is 1.12 x 10 9 m -1 , which is greater than the threshold wave vector as we predicted. 
